ABSTRACT We used a sonomicrometric determination of ventricular dimension to examine the effect of ischemia and reperfusion on the work-length relationship in the intact heart to develop a useful and precise variable of ventricular contractile response to injury. Twenty anesthetized dogs were instrumented with epicardial ultrasonic dimension transducers to record right ventricular free wall chord length and left ventricular minor-axis length, micromanometers to record ventricular pressures, and an electromagnetic probe to record pulmonary arterial (n = 8) or aortic (n = 7) flow. Dogs were subjected to either 20 min (n = 7) or 30 min (n = 13) of global cardiac ischemia supported by cardiopulmonary bypass. Data were acquired over a range of end-diastolic volumes produced by transient (5 to 10 sec) vena caval occlusion before and after ischemia. In both ventricles, systolic epicardial dimensional shortening correlated with flow probe-measured stroke volume (mean r = .969) and regional stroke work calculated as the integral of instantaneous ventricular pressure and epicardial dimension correlated with measured global stroke work (mean r = .960), confirming the validity of dimensional measurements. Regression analysis demonstrated a highly linear relationship between calculated regional stroke work and end-diastolic length in the right ventricle (mean r = .973) and left ventricle (mean r = .967), quantifiable by a slope (Mw) and x intercept (Lw). Change in afterload produced by pulmonary arterial or aortic constriction resulted in no significant changes in Mw or Lw in either ventricle. Ischemia and reperfusion decreased Mw and shifted Lw to the right in both ventricles. The decrease in MW with 30 min ischemia exceeded the decrease with 20 min ischemia by 29% in the right ventricle and by 32% in the left (p < .04) with up to 1 hr of reperfusion. Changes in Lw were not related to severity of injury. After ischemia, infusion of calcium increased Mw by 177% in the right ventricle and by 67% in the left (p < .03) without significant changes in Lw. Independent of load conditions, the slope, Mw, of the linear stroke work vs end-diastolic length relationship is a valid and precise index of right and left ventricular contractile response to global ischemia in the intact circulation. This variable may be useful in evaluating therapies designed to limit myocardial injury and enhance ventricular functional performance. Circulation 76, No. 3, 717-727, 1987 
ventricular contractile performance ultimately determines survival. The ability to quantify numerically intrinsic right and left ventricular performance after ischemic injury would permit more rigorous experimental evaluation of interventions designed to limit myocardial ischemic damage and lead to a better understanding of the pathophysiology of acute ventricular dysfunction.
One of the most widely used characterizations of ventricular contractile performance is that first proposed by Frank' and Patterson and Starling2 relating the amount of mechanical energy generated by the ventricle during each cardiac cycle to initial muscle fiber length. Numerical quantification of ventricular performance via this relationship has been difficult because 717 of the presumed curvilinear nature of the relation between ventricular performance and ventricular filling. Sarnoff The purpose of this study was to examine the effect of a varying period of global myocardial ischemia followed by reperfusion on ventricular ability to generate stroke work as function of end-diastolic dimension in an attempt to develop a valid, precise, and useful variable of ventricular contractile response to ischemic injury in the intact circulation. Specifically, we tested three hypotheses: (1) that accurate determinations of dynamic ventricular volume and stroke work may be based on simplified epicardial dimensional analyses in the right and left ventricles both before and after global ischemia and reperfusion, (2) that the relationship between ventricular stroke work and end-diastolic dimension is linear and load insensitive in the right as well as the left ventricle, both before and after ischemia, and (3) that quantifiable alterations in the relationship between ventricular stroke work and end-diastolic dimension are related to the severity of acute ischemic injury and are insensitive to changes in load conditions, therefore providing quantification of ventricular contractile response to injury.
Methods
Experimental preparation. In seven dogs a flow probe was placed around the ascending aorta to record aortic flow. The sinus node was crushed and tle right atrium paced at a rate of 150 beats/min. A bubble oxygenator (Optiflo; Cobe Laboratories, Lakewood, CO) was primed with 1.5 liters of heparinized homologous whole blood. Each dog received heparin (250 U/kg), and cardiopulmonary bypass was initiated at normothermia (370 C) with arterial inflow via the femoral artery and venous outflow from the superior and inferior venae cavae via the right atrium. The azygos vein was ligated. Mean arterial pressure was maintained at 65 to 75 mm Hg by adjusting bypass flow. Arterial Po2, Pco2, and pH were monitored and corrected as necessary. After a 15 min period of equilibration on cardiopulmonary bypass, each dog was subjected to 20 min (n = 7) or 30 min (n = 13) of normothermic global cardiac ischemia produced by aortic cross-clamping. During the ischemic period, the left ventricle was vented and right ventricular free wall, septal, and left ventricular free wall temperatures were monitored by thermistor probes (Shiley, Inc., Irvine, CA). Myocardial temperature was maintained at 37 + 0.50 C during the ischemic period by continuously bathing the pericardial well with warmed blood. After ischemia, the aortic cross-clamp was removed and the heart defibrillated. Cardiopulmonary bypass was continued and the heart reperfused for 30 min in the beating, nonworking state, after which the dog was weaned from bypass.
Experimental design and data acquisition. In each study, right and left ventricular functional performance was assessed off cardiopulmonary bypass at control before ischemia and after ischemia at 30 and 60 min ofreperfusion. At each sampling time, pressure, dimension, and flow data were acquired over a range of end-diastolic volumes produced by transient vena caval occlusion. Data were sampled for 10 to 25 cardiac cycles over 5 to 10 sec during volume emptying. Vena caval occlusion was released, and before acquisition of the next set of data several minutes were allowed to elapse to permit hemodynamic equilibration.
In seven dogs, ventricular functional performance was also assessed after short-term elevation of right and left ventricular afterload. Right ventricular afterload was elevated by gradual constriction of the main pulmonary artery by an encircling snare over a period of 1 to 2 min to a degree sufficient to raise peak right ventricular pressure by 30% to 40%. Data were then obtained over a range of end-diastolic volumes produced by transient vena caval occlusion as described above. Left ventricular afterload was similarly increased by constriction of the descending aorta sufficient to raise mean proximal aortic pressure by 30% to 40% and data acquired during vena caval occlusion. Between each of these afterload interventions, performed CIRCULATION 718 both at control and at 60 min of reperfusion after ischemia, hemodynamic conditions were returned to baseline.
In six dogs, data were also acquired after intravenous infusion of calcium chloride (25 mg/kg) after 60 min of postischemia reperfusion. Data analysis. Pressure, dimension, and flow data were sampled at 5 msec intervals, converted to digital form in real time by an analog-to-digital converter (Model 1023; DEC, Maynard MA) and stored on hard disk by microcomputer (PDP) 11/23; DEC). Subsequent data processing and analysis were accomplished by interactive software developed in our laboratory. Right and left ventricular dP/dt values were determined by a third-order polynomial approximation. Simultaneous right and left ventricular cardiac cycles were each defined automatically by ventricular dP/dt criteria and determination of epicardial dimensional events based on global chamber events. For the left ventricle, end-diastolic length was determined as the dimension 5 msec before the point of peak positive left ventricular dP/dt. Review of analog tracings confirmed this to be a readily identifiable point marking the early portion of the near isometric phase before initiation of left ventricular ejection. Since a truly isometric phase of systole was not apparent in all dogs, this point was taken as a consistent approximation of end-diastole. Left ventricular end-systolic length was determined as the dimension 10 msec before peak negative left ventricular dP/dt as previously described.8 For the right ventricle, end-diastolic length (EDL) was determined as the dimension 5 msec before peak positive right ventricular dP/dt and end-systolic length (ESL) as the dimension at peak negative right ventricular dP/dt. These determinations were also confirmed by review of analog tracings and have been shown9 to mark accurately the initiation and end of right ventricular ejection, respectively.
For both the right and left ventricles, systolic dimensional shortening (AL) was determined for each cardiac cycle as: AL = EDL -ESL (1) Right and left ventricular regional stroke work (SW) values were calculated from instantaneous ventricular pressure (P) and dimension (L) data for each cardiac cycle as: Mean values for slope, x intercept, and correlation coefficient were calculated for each study condition by averaging values for two to five vena caval occlusions (average 2.7 occlusions per study condition). Statistical analysis of the effects of altered afterload, ischemia, and calcium infusion on slopes and x intercepts was by one-way analysis ofvariance. Comparison between groups of dogs subjected to different periods of global ischemia was by two-way analysis of variance. Statistical significance was accepted at p < .05. All data are expressed as mean + SEM.
Results
Representative simultaneous right and left ventricular pressure, dimension, and pulmonary flow analog data from a single dog are depicted in figure 1 . In both ventricles, systolic dimensional shortening correlated with measured stroke volume (figure 2) and regional stroke work correlated with global stroke work (figure 3) before and after ischemia. The mean slope and x intercept of equation 5 relating stroke volume to dimensional shortening and of equation 6 figure 6 . Left ventricular developed pressure increased and systolic dimensional shortening decreased at a given end-diastolic length compared with control ( figure 6, A) . Systolic shortening decreased (figure 6, B) with no change in left ventricular stroke work as a function of end-diastolic length ( figure 6, C) . For the entire group of dogs, short-term elevation of left ventricular afterload produced by aortic constriction had no effect on Mw or Lw either before or after ischemia (table 3) .
After ischemia and reperfusion, both the right and left ventricular SW vs EDL relationships remained linear. For The validity of epicardial dimensional analyses to assess chamber volume in either ventricle injured by global ischemia has been questioned21' 22 because of supposed alterations in ventricular wall thickness and myocardial mass attributable to postischemic myocardial edema. Our data demonstrate that change in epicardial dimension remains an accurate indicator of change in chamber volume after global ischemia and reperfusion. There were no significant changes in the correlation between systolic dimensional shortening and measured stroke volume or in the correlation between calculated regional stroke work and measured global stroke work in either ventricle. We conclude that a valid and simplified assessment of both right and left ventricular dynamic chamber volume and SW before A and after global ischemia may be based on analysis of a single epicardial ventricular dimension.
Using this method to assess the work-length relationship in the intact heart, we were able to demonstrate that regional stroke work was a linear function of enddiastolic length in the right and left ventricles in the normal heart, in the heart injured by global ischemia, and in the injured heart after infusion of calcium chloride to enhance contractile state. These observations are consistent with the Frank-Starling concept of the length-dependent property of cardiac performance, whereby the greater the end-diastolic volume, the larger the ventricular force generated during systole. myocardium are shown to be fundamentally similar. In each case, myocardial work is a linear function of initial muscle fiber length. Contractile performance may be quantified by a slope and x intercept. With short-term elevation of ventricular afterload produced by partial outflow obstruction, the ability of the ventricle to generate stroke work as a function of end-diastolic dimension was shown to remain unchanged. Consistent with the findings of others for both the right23 and left ventricles 7. load. Earlier investigations examining the effect of altered afterload conditions on systolic performance of the ventricle reported stroke work to be increased,2s27 decreased,28 30 31 variably affected,2 or unchanged7 32 with increased afterload. The variability of these observations may be due to comparison of isolated and intact hearts, various techniques of altering load conditions, and extreme nonphysiologic changes in load conditions. Most importantly, the majority of these previous investigations failed to quantify afterload-induced changes in preload, which likely account for most of the changes in stroke work observed with short-term alterations in afterload. 33 We examined ventricular performance as a function of enddiastolic dimension in the presence and absence of a physiologic increase in outflow resistance. Doing so, we demonstrated that stroke work remained a linear function of end-diastolic length. Furthermore, we were unable to detect a significant change in either the slope or x intercept of the SW vs EDL relationship. The insensitivity of the SW vs EDL relationship to alterations in load, previously described7 in the normal left ventricle, is demonstrated in the normal right ventricle and in the right and left ventricles injured by global ischemia.
Despite the complexity of numerous interacting factors that could be expected to affect ventricular performance after global ischemic injury, the slope, Mw, 
